• For the first time we present the Lyman α intensities measured by Voyager 1/UVS in 2003-2014 (at 90-130 AU from the Sun).
Introduction
The Voyager mission is one of the most outstanding projects devoted to investigating the Solar System and the distant heliosphere. The twin Voyager 1 and 2 spacecraft were launched in 1977, and now, after 39 years of operating, they are the furthest human-made objects in the universe. The original objective of the Voyagers was to explore the outer planets of the Solar System (Jupiter, Saturn, Uranus, and Neptune), but afterwards the mission was extended and Voyagers began their interstellar journey. Following their last gravitational flyby, both Voyager 1 and 2 move radially away from the Sun in the nose part of the heliosphere above and below the ecliptic plane, correspondingly (see Fig. 1 ).
Their trajectories are inclined to the upwind direction (that is opposite to the interstellar flow) at 20-30
• . Voyager 1's velocity is about 3.6 AU per year, while Voyager 2's velocity is about 3.3 AU per year. During their long trip Voyagers study the region of interaction between the solar wind (SW) and the local interstellar medium (LISM), which is called the heliospheric interface (see Fig. 1 ). Voyager 1 and Voyager 2 crossed the first boundary of the heliospheric interface -the termination shock (TS) -in 2004 at 94 AU from the Sun and in 2007 at 84 AU from the Sun, respectively. It is supposed [Stone et al., 2013; Gurnett et al., 2013; Burlaga and Ness, 2014] that in 2012 Voyager 1 crossed the second boundary, that is, the heliopause (HP, tangential discontinuity separating the solar wind plasma from the charged component of the interstellar plasma) and entered the interstellar medium.
Voyager 2 is still in the inner heliosheath region (between TS and HP) and approaching the heliopause [Richardson & Decker , 2014; Burlaga et al., 2016] .
X -6 KATUSHKINA ET AL.: VOYAGER 1 LYMAN α MEASUREMENTS et al., 2013; Fayock et al., 2015] ; 2) 1993 -2003 , systematic scans over the sky from the upwind to downwind directions [e.g., Quémerais et al., 2010; Lallement et al., 2011; Katushkina et al., 2016] ; 3) 2003 , Voyager 1's scan platform was not moved and all measurements were performed for approximately the same line-of-sight (LOS) close to the upwind direction.
In this work for the first time we consider the last period of measurements, which covers more than 4000 observations of Lyman α intensity during 11 years. These data have not been published and analyzed before. This period of measurements is very interesting because it contains the data obtained close to the heliopause and it could give unique information about both the ISH distribution at the heliospheric boundary and a possible minor component of the extra-heliospheric Lyman α emission that can be detected only far enough from the Sun [Lallement et al., 2011] .
We also performed modelling of Lyman α intensities measured during New Horizons cruise observations by the Alice spectrograph at 11 and 17 AU from the Sun. These data confirm our main conclusions derived from the Voyager 1 data analysis.
The paper is organized as follows. In Section 2 the Voyager 1/UVS data obtained in 2003-2014 are presented and described in detail. Section 3 provides a brief description of the numerical model for the IPH distribution and the radiative transfer that is applied for the data analysis. Comparison of the model results and observations is presented in Section 4. In Section 5 we propose two possible scenarios, which are consistent with the data. has changed very slightly from 34.7
• to 35
• (see Fig. 2 
B). This direction of motion is inclined at 30
• to the upwind direction (see Fig. 1 ). The UVS instrument has two ports, the main (airglow) and occultation ports. The total measured intensity is a sum of signal from both ports. Contribution of the occultation port to the total intensity is about 8 %.
Directions (in ecliptic J2000) of the UVS main port's LOSes are presented in Fig. 2 The upwind direction determined from the interstellar helium observations by the Ulysses and IBEX spacecrafts is at ∼255.4
• ecliptic longitude and ∼5-6
• ecliptic latitude [Witte, 2004; McComas et al., 2015] . Therefore, the LOS of Voyager 1/UVS since 2003 is inclined from the upwind direction at about 17 • .
Data processing
The data used in the present work were processed following the scheme developed by Holberg and Watkins [1989] for the Voyager 1/2 UVS data. Voyager-UVS is a grating spectrograph which means that photons are collected in 128 different channels according to their wavelength. The processing scheme removes dark counts generated by particles
(dark plate correction), corrects for scattering effects inside the instrument and applies a flatfield correction on the different channels (Fixed Pattern Noise -FPN). The Lyman α counts are obtained by summing the channels 70 to 78 of Voyager 1 UVS. This scheme has also been used by Hall [1992] and Hall et al. [1993] . However, in the case of Voyager 1 UVS, it must be noted that the flatfield correction that we are using is different from the one used by Hall [1992] . As noted in the annex of Hall [1992] , he used a set of values denoted FPN 49 for Voyager 1, derived after the Jupiter encounter. For our analysis of the UVS data, and all our works on the subject of interplanetary background data, we have used a more recent set of flatfield correction denoted FPN 51 [Quémerais et al., 1995 [Quémerais et al., , 2003 [Quémerais et al., , 2013 .
In the case of the Lyman α line, it is straightforward to find a scaling factor between the count rates derived when using either FPN 49 or FPN 51. We have processed the whole dataset used in this work using both flatfield correction coefficients. The ratio is almost constant, as can be expected since the line shape is very stable. If the count rate found using FPN 49 and FPN 51 are denoted count(F P N49) and count(F P N51), correspondingly, we find that
Uncertainties for counts rate (σ CR ) are computed based on the following formula, where ∆t is the integration time, N is the total number of counts and CR = N/∆t:
the factor of 2 in the numerator is intended to account for a single photoevent sometimes producing counts in two or more adjacent channels, leading to a situation in which not all counts are independent of one another.
It is very important to remove from the Lyman α signal any contamination due to impacts of cosmic rays (solar or Galactic) or particles from the spacecraft radio-isotope thermoelectric generator (RTG) as they appear as an additional background spread over the whole bandwidth. The particle background spectrum was measured during dedicated observations and was found to be very stable over the years, with very little channel to channel variation [see supporting online material in Lallement et al., 2011] . Lallement et al. [2014] have studied in detail the temporal evolution of the Voyager 1 UVS background since 1993. They found that there is a perfect correlation between the UVS background and the Cosmic Ray Subsystem (CRS) signal from energetic particles with energy above 70 MeV (see Fig.1 -2 in Lallement et al. [2014] and Fig. 3 A for an illustration). They concluded that the UVS background is mostly due to impact of GCRs. To subtract this background from the data we follow the procedure developed by Lallement et al. [2011 Lallement et al. [ , 2014 . Namely, for each measurement, we determine the counts obtained in two spectral regions without interplanetary emission, one shortward (channels 55-65) of 1216Å
and one longward (channels 85-95). We then scale the particle background reference spectrum to these two spectral region. The resulting background spectrum is subtracted from the observed data. This procedure ensures that there is no remaining contamination by dark counts, cosmic rays or particles from the RTG. The final mean spectra (averaged over 2004-2012 and 2012-2014) are shown in Figure 4 after we have applied descattering and flatfielding as defined by Holberg and Watkins [1989] . by Quémerais et al. [1995] (see figure 6 and figure 7 in that paper), but it was not the case for our data after 2003. As a matter of fact, the line of sight was chosen to avoid such contamination.
A broadening of the bottom part of the spectrum (the wings of the line) is caused by the shape of the line spread function of the instrument. UVS is a low resolution spectrograph and consequently the line spread function (that is the spectral response to a monochromatic line) is strongly broadened. Also, the response is not a Gaussian, but instead the core part of the spectrum is widened at the bottom (due to instrumental effects, e.g., non specular diffusion on the optical elements plus some smearing after the micro-channel plate on the detectors). However, the shape of the line spread function is constant (ratio of the count rate over 3 central channels divided by the sum over 11 channels is very stable with time), therefore it does not influence the results.
Finally, it should be noted that during the period of interest for our analysis, Voyager 1 UVS suffered the following changes in temperature due to adjustments of power usage aboard Voyager 1:
• on 2005/01/26, The Voyager 1 UVS temperature dropped from -27 C to -55 C, accompanied by a change in the width of the H Lyman α line. No change in count rate was observed.
• on 2011/12/05, The IRIS replacement heater was turned off. in the longward direction and the amplitude dropped by 10% . Additionally, some pixels showed a strong increase in noise level but this did not affect the pixels used for the H Lyman α line measurements.
We have corrected the data obtained after the end of 2011, to match both count rate and line position as they were before the change in temperature. To do that, we averaged one month of data before and after the change, and derived the position shift and scaling factor.
The average spectral shape obtained after 2012 is shown as a thin line in Figure 4 . The shift of the Lyman α line by one channel is visible. We also notice that the channel to channel response variation, which is very stable before the heater was turned off, changed after the temperature changed. For instance a peak appeared around 1000Å. This is caused by a change in the response of the noise discriminators. But this change also appears to be very stable and does not affect the Lyman α channels.
In this work, we investigate variations of Lyman α intensity as a function of distance between the observer and the Sun. Voyager 1/UVS data (original and averaged over 27 days) are shown in Fig. 3 B. scan platform movements were stopped, there has been no way to check the instrumental calibration factor independently. However, there are two factors that suggest that the instrument remained stable and that the decrease is not due to an instrumental change.
First, over the whole period, the dark count levels on the detector closely match the values obtained by cosmic ray experiments [Lallement et al., 2014] . Second, the decrease seen in the data starts before the last temperature drop which is a good indication that the two events are not correlated. Note that, whatever caused the decrease that occurred after 2010, it does not affect our study of the interesting "stability" period from 2003 to 2009, which is the main subject of this work.
We analyze the data obtained in 2003-2014 using results of the state of the art numerical model of the ISH distribution and radiative transfer described briefly in the next section.
Numerical model
In this work we use the same numerical model that was previously applied for our [2010] . A choice of these LISM parameters is justified by Izmodenov and Alexashov [2015] . We also perform several calculations with different LISM parameters as specified in the text.
Basically, two populations of the interstellar hydrogen are considered: primary atoms, which directly penetrate to the heliosphere from the LISM, and secondary atoms, which are created by charge exchange between the primary atoms and interstellar protons outside the heliopause. The most interesting feature of the ISH distribution at the heliospheric boundary is the hydrogen wall -an increase of the ISH number density outside the heliopause due to accumulation of slow secondary interstellar atoms created by charge exchange of the primary atoms with decelerated interstellar protons [Baranov et al., 1991; Baranov and Malama, 1993] . Lyman α photons scattered by slow atoms at the hydrogen wall have a Doppler shift relative to the typical interstellar atoms in the heliosphere.
Therefore, emission backscattered at the hydrogen wall is less scattered inside the heliosphere and should be visible from a much larger distance from the scattering point than the normal heliospheric glow. Katushkina et al. [2016] have shown that emission from the hydrogen wall can be identified in the Voyager 1/UVS data obtained in the scans-regime in 1993-2003. In principle, the H wall should lead to a flattening of a radial dependence of Lyman α intensities measured in the distant heliosphere.
For one specific test calculation we took into account the heliospheric population of energetic hydrogen atoms (usually, this population is called population 2, see, e.g. The considered model of the ISH distribution is stationary, i.e. we ignore possible effects of the solar cycle on the hydrogen distribution. This is a plausible assumption because, as shown by, e.g., Izmodenov et al. [2005] temporal variations of the hydrogen parameters far from the Sun are less than 10 %.
To calculate the Lyman α intensity seen by Voyager 1/UVS we used the radiative transfer code developed by Quémerais [2000] . The code accounts for multiply scattered photons, which provide the major contribution to the total intensity at large heliocentric distances. We took into account actual positions and LOSes (for both main and occulta- • The solar photons are randomly generated following the solar H Lyman α line profile of Lemaire et al. (2005) . The source is spatially isotropic.
• The local distribution of hydrogen atoms is represented by the sum of two components: primary and secondary. At each point inside the computational region the local distribution of each component is described by 7 values: a number density, a mean velocity vector and three temperatures which are the temperatures of the velocity distribution projected on the three directions of the local frame. These parameters are calculated in the frame of the global heliospheric model.
• The scattering process is computed following Angle Dependent Partial Frequency Redistribution [Quémerais, 2000] .
• The scattering redistribution function includes the phase function given by Brandt & Chamberlain (1959) .
In this work we use the most realistic "Angle Dependent Partial Frequency Redistribu- 
Comparison of the model results with observations
In this section we compare the Voyager 1/UVS data with our simulations performed in the framework of the model described above. Lyman α is under revision as shown by recent studies [Quémerais et al., 2013; Ben-Jaffel & Holberg, 2016] . The calibration factor derived by Hall (1992) corresponds to data that were processed with FPN 49. The FPN correction is essentially a flatfield correction for the various channels of the UVS detector (See Holberg and Watkins, 1989; Hall, 1992) .
The data that we are using in this work were processed using FPN 51. This leads to a change of the count rate at Lyman α by a factor of 1.4 (as mentioned in Section 2.2).
Other wavelengths are not affected in the same way. Therefore, the calibration factor given
by Hall (1992) should be corrected by the same factor. This leads to a value of 218/1.4
Rayleigh per counts per second, when using FPN 51 while processing data. However, as shown by Quémerais et al. [2013] , this calibration factor does not agree with our model of the interplanetary background.
We are currently working on a multi-spacecraft comparison of data that will show that the calibration factor of Voyager 1/UVS and Voyager 2/UVS at Lyman α should be revised. The results of the calibration analysis will be published in separate paper. In this work we are interested only in the radial dependence of intensity and its gradient and do not consider absolute values of intensities.
It is seen that the model intensity decreases monotonically, while the data show almost constant intensity at 90-110 AU. In addition to results of the base model, Fig. 5 A presents the results for two additional models, which differ from the base model in the LISM hydrogen and proton number densities, see Table 1 . The height, width and location of the hydrogen wall are substantially different for these three models. The same models were considered before by Katushkina et al. [2016] , and it was shown that they give significantly different results for the upwind to downwind ratio of Lyman α intensities, The first one is that we need to change some model parameters (e.g. solar wind and LISM boundary conditions) to obtain an appropriate hydrogen distribution. The second is that we need to incorporate some new physics in the model.
To check the first possibility we perform four test calculations with artificially changed hydrogen distributions in the heliosphere obtained from the base model, as follows. Models A and B relate to the changes of configuration of the hydrogen wall. In Model A the hydrogen number density in the hydrogen wall is increased by a factor of 5 compared with the base model. In this case the gradient of the number density in the hydrogen wall is larger and in accordance with Hall et al.
[1993] a rate of decrease of I(r) should be smaller.
In Model B the hydrogen wall is closer to the Sun (all distances in the model are scaled by a factor of 0.5). In principle, it also should increase the role of the H wall at the distances of Voyager-1 observations, and therefore, change the gradient of I(r). Models C and D deal with different populations of H atoms. In Model C we artificially increase the separation between energy distributions of the primary and secondary interstellar hydrogen atoms.
Namely, in this model all velocities of primary atoms are multiplied by a factor of 2, all velocities of secondary atoms are multiplied by a factor of 0.1 and all temperatures of secondary atom are multiplied by 0.5. As a result, the velocity distribution functions of the primary and secondary atoms become non-overlapping (see Fig. 6 ). In this case Lyman α photons scattered by the secondary atoms at the hydrogen wall should be less absorbed It is seen that although in the test models we change the hydrogen distribution quite significantly, the effect on the radial dependence is quite small.
All models still predict a monotonic decrease of intensity. Therefore, we can conclude that any intuitive changes of hydrogen distribution do not help to explain the Voyager data.
In the next section we consider two tentative scenarios, which could explain the Voyager 1/UVS data at 90-110 AU from the Sun.
Two scenarios

Additional dense layer of hydrogen atoms near the heliopause
The first idea is that an additional dense layer of H atoms may exist in the inner or outer heliosheath close to the heliopause. Lyman α photons scattered by H atoms in the layer should have significant Doppler shift to be not absorbed inside the heliosphere.
Therefore, for an approaching observer the layer can be considered just as a source of constant backscattered emission, and when the observer reaches the layer the intensity starts to decrease due to strong absorption inside the layer (see illustration in Fig. 7 A) . In this work we do not specify the origin of the layer. We included the layer artificially and find its parameters that produce appropriate additional component of the Lyman α emission scattered by such a layer. More investigations are needed in order to define the layer self-consistently in the frame of the global heliospheric model.
The H number density profile assumed in the layer is shown in Fig. 7 B. This is just an artificial model with constant hydrogen parameters inside the layer. We found that appropriate results can be obtained with the following parameters of the layer: location at about 120-160 AU from the Sun, H number density is very high ∼ 10 cm −3 , z-component of velocity is V z,H ∼ +50 km/s, temperature is about 10000 K. Such a velocity provides enough Doppler shift. Fig. 8 presents the results: the main component of intensity arises from the original hydrogen distribution discussed above, an additional component from the layer, and the total intensity that is their sum. We see that the additional intensity from the layer is several times larger than the nominal one for an observer located at r ≥ 90 AU. Therefore, the total intensity is almost constant at 90 AU≤ r ≤115 AU and then sharply decreases. Comparing with the Voyager data shows that the agreement is strongly improved from 90 to 120-125 AU, but beyond 125 AU this model predicts a rapid decrease of the signal, in strong contradiction with the data.
The emission from such a dense layer would be observable from the inner heliosphere.
Indeed, the brightness of such a layer is of the order of 30 to 60 Rayleighs and is strongly Doppler-shifted away from the interplanetary line center. As its velocity is positive, i.e.
flowing away from the Sun, the corresponding spectral feature would appear on the red D R A F T June 22, 2018, 9:08am D R A F T wing of the interplanetary line. This means that for an instrument in low Earth orbit, the spectral feature would be superimposed on the strong geocoronal line [Clarke et al., 1998 ] and thus impossible to observe. Only a high resolution spectrograph away from the strong coronal emission of a planet could observe it. Note also, that the hypothetical spectral feature reported by Ben-Jaffel et al. [2000] is not appropriate here since it was on the blue wing of the interplanetary line.
Additional component of external non-heliospheric emission
The second idea is to include a constant additive non-heliospheric component of Lyman α emission. In principle it could be connected with the galactic or "extragalactic"
Lyman α background or some other external source of isotropic radiation. The look direction of Voyager 1 after 2003 is close to the galactic plane although not directly in it.
Previously several authors have suggested that the addition of a constant non-heliospheric background is needed for better fitting of Voyager Lyman α data, see Hall et al. [1993] , Quémerais et al. [1996b] and Lallement et al. [2011] .
Our test calculations with such an artificially added constant background showed that 25 R of additional emission provides the best agreement with the Voyager data. Such an additional brightness is far above the Galactic contribution expected to follow the relationship between H α and Lyman α established by Lallement et al. (2011) based on the UVS scans, which is only a few Rayleigh. Fig. 9 shows the results of the comparison.
As previously, this plot presents intensities normalized to the solar Lyman α flux at Earth orbit. The non-heliospheric emission does not depend on the solar Lyman α flux, and therefore we divide it by the solar flux in order to compare with the normalized heliospheric intensities. The normalized additional emission increases with distance from X -24 KATUSHKINA ET AL.: VOYAGER 1 LYMAN α MEASUREMENTS the Sun at ∼80-100 AU because of the decrease in solar Lyman α flux. As a result, the total normalized intensity is constant at 90-110 AU in agreement with the Voyager 1/UVS data. Therefore, this scenario is also a possible qualitative explanation of Voyager UVS data. Note that from the present analysis of Voyager 1/UVS data in one direction we can not determine whether the additional emission is isotropic or concentrated in a specific region. In principle, both variants are possible. However, New Horizons/Alice cruise observations (see next section) suggest that this additional emission is restricted to the upwind hemisphere.
New Horizons Cruise Observations
During its cruise to Pluto, the Alice ultraviolet spectrograph [Stern et al., 208] has performed observations of the interplanetary medium. These observations have been described by Gladstone et al. [2013] . They consist of rolls around a fixed vector with the LOS longitude ecliptic covering 360 degrees while the latitude varies from -30 to +30
degrees. The first roll was not complete and did not cover the upwind hemisphere. The second and fourth rolls were complete and were obtained at 11.3 AU and 17.0 AU from the Sun, respectively. We have run our model for the Alice observations in exactly the same way as the one described in section 3.
The results for the roll ACO-2 at 11.3 AU are shown in Fig. 10 and the ones for the roll ACO-4 at 17.0 AU are shown in Fig. 11 . The data are shown in Rayleigh. The solar flux used in the computation is the one obtained following the scheme described in section 3.
The model is in excellent agreement with the data except close to the upwind direction.
The excess of brightness close to the upwind is of the order of 20 Rayleighs and is very similar for both rolls ACO-2 and ACO-4 which suggests that this excess is not varying as the spacecraft moves outward.
These observations are an independent confirmation that there is an excess of Lyman α emission in the upwind direction and that this excess does not vary with distance. As the ACO2 and ACO4 rolls did not go through the same point as the Voyager 1/UVS data the actual value in Rayleigh for the excess could be slightly different, depending on how close the LOS is to the upwind direction. Also, the Alice data could be compatible with both hypotheses described above.
Discussion and conclusions
In this paper we present for the first time Data obtained by Alice during the New Horizon cruise to Pluto show that there is an excess of emission in the upwind hemisphere. These data were obtained at 11.3 AU and 17 AU. The excess in both cases is close to 20 R. Such an excess over our model computations confirm our findings based on the analysis of the Voyager 1/UVS data. Unfortunately, these observations do not bring new information on the origin of this excess.
Previously several authors speculated that additional emission is necessary to explain the Voyager data. Hall et al. [1993] stated that the quality of the fit to the Voyager data at 25-47 AU may be improved by including a constant additive intensity of about 20-30 % of that observed at 15 AU (i.e. about 70-80 R). Quémerais et al. [1996b] showed that the Voyager data obtained during the scan-regime in 1993-1994 (∼50-58 Results of three models with different LISM parameters (see Table 1 Figure 13 . Schematic representation of the optical depth between two observer's positions (r a and r 2 ) and scattered point (s). Here it is assumed that the observer moves along its line-of-sight (LOS).
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